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͂Electrochemically active bacteria; °× EAB ̓ȗɕJ.H
J?/3͆ɬ̻5
EABɜGJ.I ͂Hirose et al., 2018)ħ¹̮ǻMğ5̮Őćś¹0 .ɂʣ
"IʥëMƱ, EAB6ɏ̮ʱ͂Exoelectrogens̓0ę7J.H (Logan, 2009)
ħ¹
̮ǻMğ5̮ŐÀ¹0 .ɂʣ"IʥëMƱ, EAB6̮ȌďƠʱ͂ Electrotrophs̓
0ę7J.I (Lovley, 2011)ơ5]~/6
JG EAB 5ʥëMƔɄ 

̮ǻ0Ɛɂȸ5̠3̮țMț .ʈʤÕ5̏ổÎȺƝMåƏ"IxRW̮Ȍôœ
dfo (Bioelectrochemical system; °× BES; Fig. 1) 3,.5ɞɰMʻ+.I 








RqƐʁŐMȡí"I0/ɬ̠̮Ő´̄ (Interspecies electron transfer, IET) Ä˾
J
Ôɂɒ¯˝̿òȽôJ.I (Kato et al., 2012)J6
Ɂĺ3.
EAB ̮țM« .̮ȌUu[MDHĆH"I̮ȌÔɂMʻ0MɣĞ .
IG3
EABŦ̮ƖʛȋMãɄ .ɬ̠̮Ő´̄MʻċʥƖCɣJ.








































5ū5ʈʱ6ŁǾ2ĵˡMɄ.ɏ̮ċʥ0J.I (Huang et al., 2014)
JG°ŀ3C Pseudomonas aeruginosa (Rabaey et al., 2005)
Aeromonas hydrophila (Pham 
et al., 2003)
Clostridium butyricum (Park et al., 2001)
Klebsiella pneumoniae (Rhoads et al., 
2005)
Thermincola ferriacetica (Wrighton et al., 2011)
Lysinibacillus sphaericus (He et al., 
2014) 213ɏ̮ʱĔ?JI0ɜGJ.H
̾<03̀ʭ}rSȿʱ
















ʱ3.Ȋ˭ɒFɞɰJ.I56 Sporomusa ovata /H
J6̮ǻG
5̮ŐMɄ.ŃȌ5 CO2G̍̏MďƠ/I0ɜGJ.I (Tremblay et 
al., 2015)  
˔ʈ2̮ŐĆH˲@Ȅǽ6FL+.2?(
pʦ
ɳʱ0 .FɞɰJ.I Thiobacillus denitrificans (D P Kelly & Wood, 2000) 6








&5ĆH˲@ȄǽƹŖJ.I (Ishii et al., 2015) 
 Acidithiobacillus6Ŋ̏Ɩ5ȻɴǱ̼ʈʱ/H
ĐūÕ3ɠ̀̏ôʈʱ0̏̕ôʈ





$I0/I (Matsumoto et al., 1999)?(JG5ʱǳ6
̖ȸ5ǠÂ̔
ū (̘D̔21) Mģą"IxRWm]͂Fig. 5̓3ƔɄJ.H
ɃǺɒ3









&J?/3 A. ferrooxidans 0 .Ý̻J(ʱǳʃʎɒ3 4
,5]~3Ý̻/I0Mɣ ( (Amouric et al., 2011)&JG5*͇,5
]~6˳źǍɬ0 .˖ŖJ.H
&J'J A. ferrivorans (Hallberg et al., 
2009)
A. ferridurans (Hedrich & Johnson, 2013)






















 EAB 5ƔɄƦʼ0 .ǞCd~,żɞɰJ.(C56Ɛɂȸȵǋ̮






















(Kaku et al., 2008)J?/5ȍɅɏ̮3̡"Iɞɰ3.̮ǻʆǦDPvr̮
ǻ5·ʝ21ǹˌJ
Üë5ĒĦGJ.( (Kouzuma et al., 2014)?(





















2H (Miyahara et al., 2013)






 Ǟ˳6̮ȌďƠʱMƔɄ (Ʀʼ5ĶĖCĻí .H
ȹ3̮ǻGɖƸɒ3̮
ȌUu[MćĆ+.ȸˡɂɃMʻƐɂȸ̮ȌďƠ (microbial electrosynthesis; 
°×MES) ɛɕJ.I (Rabaey & Rozendal, 2010)MES5ɞɰ363 S. ovata
ɄGJ.H
̮ ǻG5̮ŐMɄ.ŃȌ5 CO2G̍̏ďƠJ(0






J.I (Pous et al., 2014) 
 















EAB0̮ǻ5ɗ¥¼Ʉ3̡"Iơ5ɜ˃6 Geobacter (Lovley et al., 2011)
D Shewanella (Kouzuma et al., 2015) 215pƐɂȸ5ɞɰGƎGJ(C53̤
GJ
ȓ .øÝ06ˊ2JG3̡"IɂƝœɒɜ˃5ƯÏ6 BES 5ɏŪ
5(B3Ɠ̶5C5/I0Ô3
̿ȚƖ2 EAB ü̬JJ7






Ĵ̼ȕ/ü̬"I06/2̂Ā3ɏ̮ʱMü̬"IpxRf0 . U-tube 
MFC̟ɏJ










































(B5̮ǻM̮Őćś¹0 ( EPC͍electron-accepting EPC͂EA-EPC ̓F8̮

















































































CuS + 2Fe3+→ Cu2+ + 2Fe2+ + S0
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ɸ͆ɵ ǍŇ Acidithiobacillusūʈʱ5ü̬ 
 
2.1 ʕˊ 






























10N H2SO4 M 10 mLí
Fƿƭ (C5MɄ(
10 x 9KĴĭ 8.5 mLMfdl3í
100 mL?/fPn~ (&JM
zX3ɪ 
¤Â̕0 . FeSO47H2OM 3 g (ʄ 100 mM)  í(&5ƌ

fk/Fƿƭ 2G 10N H2SO4/ pHM 2.03˚ǈ 
tcq
RF (ǐǥeTuoQ\f) /K̂ ( 




ĴĭM 4 mL ÒJ
Ĵ̼ȞM 40 L í(Ĵ̼Ȟ6RZk (BioShaker 






 ʱ5ɂʣ6ȭſȥŖ?(6 4’,6-diamidino-2-phenylindole (DAPI)ǯʭ (ʈʤ5̺Ɛ
̛ˆŠ3F+.ɡ˖ (̕ ̏ôʈʱ5ĻȈ3F+.Ĵĭ5¤Â̕Â̕3̏ô
JI0
Ĵ̼Ȟ5ʭ6˷ǒGˣʰʭ3Ŀô"I (Fig. 1) ȭſȥŖ3.6

5ʭ5ĿôMˋȥ 
ĻȈ5ɫſMƧƼ (ȭſȥŖ36miniphoto518R (TAITEC) 
MɄ
660nm5ĕÑſMȥŖ (˒̽ɼM miniphoto518R3hnq .ĕÑſM
ȥŖ"I(B
4 mL5ĴĭM˒̽ɼ (ɖƉ 18 mm) 3ÒJ.Ĵ̼ (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 DAPI6̰ʭ5ʺÑʭʆ/H
¤ǥ̚ DNA 5 AT ̷Ĳ;ʌď"IȥŖ5̩6

ʷɊȍ 2 mL
\U̏ȍȩȞ͂350 mM 4̓50 µL
ʱȞ 50 µL
DAPIȍȩȞ (1 mg/mL) 
25 µL MFȠ%ďL$
̺Ɛ̛ˆŠɄ}|Qk  (őƉ 0.2 µm

ADVANTEC) /K̂ (ƌ
ʺÑ̺Ɛ̛ (BX60 Wyf) 3FIˆŠMʻ+(








 ̕ 9KPYf~q6̕ 9KĴĭMPYf/ħô$(ħƇĴĭ/H





FeSO47H2OM 3 g (ʄ 100 mM)  í(&5ƌ
fk/Fƿ
ƭ 2G 10N H2SO4/ pHM 2.03˚ǈ 
tcq RF (ǐǥeTuoQ
\f) /K̂ (Solution B6°×5F3¼Ơ (ʷɊȍ 150 mL3PYf 




20Ý)  (ʄ 60®˳?/Ù? (G Solution A0FȠď 
10Ǭ
5d3ȗħô$( 
 ̕ 9K dX_~q6̕ 9K ĴĭM`RldX/ħô$(ħƇĴĭ
/H
°×5˹H3¼Ơ (`RldX 16 mL
10 x 9KĴĭ 2 mL
ʷɊ










&J'J5ʱǳMȞ¹ (Ĵĭ36 pH 2.05̕ 9KĴ
ĭMɄ















10 mM5Ȯſ/ȡí (Ĵ̼6 303˼°/ʻ+(ĻȈ5ɡ˖6ȭ
ſȥŖ3FHʻ
&GȊĻȈ˺ſMˋɻ ( 
 (mm2) x 
 (cell / 0.01 mm2) x 100 x 
 (mL)




















ʱ¹ȔȉȸM TEN buffer (pH 2.0) 3FH͆ģșε (G
3
PBS buffer (pH 7) 3FIșεM 2ģʻ+( 
 DNAƬÜ6 Tissue Genomic DNA Extraction Mini Sample Kit (FAVORGEN) MɄ

ȡ®5˘ǒǜ3ƍ+.ʻ+(ˎ5˳ɶȔȉȸ3 200 µL5 FATG1 Buffer Mí.
Micropestle/e±Rg 
G3 20 µL 5 Proteinase K (10 mg/ml) Mí
60
/ʱ¹ȩˈ"I?/RZq (ȅ3





FȠ%(b~ȩȞM FATG Mini Column 3P~
R . 1Ý̠̆ƒ 
KȞMƵ.(&5ƌ
500 µL5W1 Buffer0 750 µL5Wash 
Buffer 3FHXMșε (G3 3 Ý̠̆ƒ . Column M¡ȶ$(ƌ3
Elution Tube ;ĆH®




Ûɀ0 DNA5×ʂˀMʻ+(DNAȩȞ5 1/10005̓5 RNaseA (tne, 
10 mg/mL) Mí
37/ͅǔ̠RZq (&5ƌ NucleoSpin gDNA Clean-
up (MACHEREY-NAGEL) MɄ. DNA Mʂˀ (DNA 5Ȟ̓M 150 µL 3˚ǈ
 
Binding Buffer DBM 450 µLí. 5ɩ̠ƅƿƭ (5ȩȞM Column3ȡ
íƌ̆ƒ 










Ex Taq 0.5 µL
dNTP 8 µL
PCR buffer 10 µL
Ď~R 0.6 µL
Mȡí (~R36 16S rRNÄ´ŐMŁǾ2ÿǴɂȸGĻŸ$I(B
5txb~R/I Bac331f͂TCCTACGGGAGGCAGCAGT̓F8
Bac797r͂ GGACTACCAGGGTCTAATCCTGTT M̓Ʉ(ǑȤǧ²6°×5˹H/
+(͌ 96 30ɩ; 96 30ɩ
60 30ɩ











ʃʎ˧̬5ɻÜ36 neighbor-joiningȕMɄ(˳ ʗǳ5̈´Ő̌à6National 




 NU-1ǳ5_v DNA͂3 µg̓M illumina Miseq3À 
PUrǎƂ (150 bp x 




















 ǻʃ¤ǿƂ̮Ȍôœh (Fig. 3) MɄ(¼Ʉǻ36]|ORq|Tq 
(3 x 4 cm) 
Ţǻ36ɑ̔ʖ (Ņ 0.30 mm
20 cm; t`) 
āȴǻ36̗/Ĺô̗ 
(Ag/AgCl) ̮ǻ (HX-R5; õǊ̮ű) M¾Ʉ 
¼Ʉǻǿ0ŢǻǿM¬ÞIRW§ƻ
ʧ36Nafion perfluorinated membrane (SIGMA-ALDRICH) MɄ(¼Ʉǻǿ36 100 
mM5¤Â̕ (FeSO4) MĔA 9KĴĭ
Ţǻǿ36̕MĔ?2 9KĴĭM&J'J
150 mLí
Ďʱǳ5Ĵ̼Ȟ 1 mLM¼Ʉǻǿ3ȡí .̮ȌĴ̼M̟Ō (¼Ʉ
ǻ̮·6odfknq (VMP-3









 ǐǥ̮Ő (ǳ) 3ōˍ 
NU-1ǳ5̮Ő̺Ɛ̛ˆŠMʻ+(Ĵ̼Ȟ5Â̕
M̦(B3
̕ 9KĴĭ/ 3ǐ̠Ĵ̼ ( NU-1ǳ5Ĵ̼ȞMZqè/I\
U̏ȩȞ0 1 : 1/Ƞď (ħŖȞ/ʱMħŖ$(5*3¡ȶ$
̔ū/`









Ȩǳ5 A. ferrooxidans ATCC23270ǳM ATCCXm`\dFHĆHŜ$

̕ 9KĴĭ (pH 2.0) 3.ʏ¯Ĵ̼Mʐ(&5̂ɫ/
Ǹʏ5ģǇM̑4
I0Ô3ǞŃʱ¹ŝſĻí .0M˃Ü ( (Fig. 4) Ĵ̼̟ŌGʄ 50
ģ5Ǹʏ3F+.















dX/ħô (̕ 9K dX_~qMɄ.Ĵ̼ (0K
5~7 ǐ̠/
`tÜȾ ( (Fig. 5) ƎGJ(`tMCſdX_~q3Ǹ
ʱ 
ÜȾ (`tM͇,ĆH







K (Fig. 6) 
ü̬ǳ6 ATCC23270ǳ06ʃʎɒ3ɍ2Iʱǳ/H
Ǟ˳Ǎɬɐ
̙J( A. ferriphilus (Falagán & Johnson, 2016)3˳ʗ/I0ǒG02+(





 NU-1 ǳ0 Acidithiobacillus ū5̏̕ôʈʱĎɬ5ĵȨǳ/I DSM14882 ǳ

JCM18981ǳ (Hedrich & Johnson, 2013)




̕ 9KĴĭ3IĻȈǛʖM¼Ơ ( (Fig. 7) NU-1ǳ6JG5ʱ
ǳ5/ǞC̿ĻȈʥMɣ ( (Table 2) NU-1 ǳ5ǞŃʱ¹ŝſ6 2.1 x 108 
cell/mL /H





NU-1 ǳ0 DSM14882 ǳMǾ2Ȯſ5]`f 
(0~20 mM) ?(6]h (0~10 mM) Mȡí (̕ 9KĴĭ/Ĵ̼ 
ĎȮſ3
IȊĻȈ˺ſMȊ˭ ( (Fig. 8a F8 8b) &5ʌǭ
NU-1 ǳ5ĻȈ6]
`fM 10 mM







 NU-1ǳ5r|q_vd\Ufˈǫ3̡"IǇÈpkM Table 53?0B
(ʓˋ 34,672,023bp 5rƎGJ
JMPh} . 69 Æ5`oQ]














ʃʎˈǫ3Ʉ( (Fig. 9-11) 16S rRNÄ´Ő5ʃʎˈǫ5ʌǭ (Fig. 9) 
NU-1ǳ
6 A. ferriphilus0Đ!\r3ū"0ǒG02+(A .ferriphilus6fm
dPt0 . rusBF8 HiPIP0 . iroMƱ,0ʟGJ.I  fm
dPt (Fig. 10) F8 HiPIP (Fig. 11) 5̈´Ő̌àMɄ.ʃʎȃM¼Ơ (ʌ
ǭ






5ɬMÝI̩5ƲȀ0 .ɄGJ.Iʫɒ3 DDHÈ 70%°×/J7




Ǟ˳/6_v̌àMɄ( in silico 
DDHˈǫFʻLJ.I 


























ȰʆħŖF8ɳʆħŖċʥ A. ferrivorans SS3ǳ5̈´











2 (Amouric et al., 2011)  
 
2.3.8 ̮ȌĴ̼ 
 NU-1 ǳF8 JCM18981 ǳ5̮ȌĴ̼3IĻȈM˚ǰ"I(B
7 ǐ̠̮Ȍ
Ĵ̼Mʻ







2.3.9  ̮Ő̺Ɛ̛ˆŠ 
 NU-1 ǳMˤǰį̮Ő̺Ɛ̛ (SEM) MɄ.ˆŠ ( (Fig. 13) NU-1 ǳ6ŹĮ











̂Ā5ɞɰ3. (Amouric et al., 2011)
üʱ)0































NU-1 ǳ­5 Acidithiobacillus ū̏̕ôʈʱ0Ȋ<
.CǠȄȸʡƖ¸0Mɣ .H














-. I~IV 5 4 ,5]~3Ý̻J.H (Amouric et al., 2011)
&J'J A. 
ferrooxidans]~ I
A. ferridurans ]~ II
A. ferrivorans ]~ III

A. ferriphilus ]~ IV02+.I?(
AmouricG (2011)  6
5]
~Ý0̏̕ôȄǽ5̅05̡˼Ɩ3,.ĶĖ .IAcidithiobacillus /6
rusA?(6 rusB̡"I 2ɬ̻5̏̕ôȄǽƺǶJ.I (Sasaki et al., 2003; 
Amouric et al., 2011) A. ferriphilusMĔA]~ IV6fmdPt0 . rusB







Acidithiobacillus ū̏̕ôʈʱ5]~ IV 3ū .H
A. ferriphilus 3˳ʗ2ʱ
ǳ/I0ɣJ( (Fig. 9) ǎ
NU-1ǳ6 pH 2.05̕ 9KĴĭ3.˳ʗǳ
FH̿ĻȈʥMɣ  (Fig. 7)
ǞŃʱ¹ŝſ6 DSM14882ǳ (=ATCC23270ǳ) 5ʄ
3.6 Ç
Đ!]~ IV 5 JCM7812 ǳ5ʄ 4.5 Ç/+(NU-1 ǳ5_v36
rusA kR~5̏̕ôky\ˡM`r"I Rus WŒĬ"I0G
ǥ
ǳ5̏̕ôȄǽ6 rusA kR~3˳0ʟGJI  
ÝŐʃʎˈǫ5ʌǭ

NU-1ǳ5fmdPt0 HiPIP̈´Ő6 rusAF8 hip0C3 A. ferriphilus5C
506ɍ2I\r3·ʝ .( (Fig. 10F8 Fig. 11)JG5ʌǭ6
NU-
1 ǳǏɜ5 Acidithiobacillus ū5̏̕ôʈʱ515ǳ0Cɍ2Iȹȇ2̏̕ôȄǽ
MƱ+.IċʥƖMɣĞ .I 
 NU-1ǳ5̮ȌĴ̼Mʻ+(ʌǭ
Ǟʉʱ¹ŝſ 3.4 x 109 cell/mL3ǟ 
Ȟ¹























































Strain Origin Source or reference
Acidithiobacillus sp.
NU-1 ATCC23270T culture This study
BRGM1 Sulfide ore mine, South Africa Liu et al. (2000)
CC1 Acid mine drainage, Carnoule`s, France Duquesne et al. (2003)
JCM3865 Acid mine water, Shimokawa, Japan Japan Collection of Microorganisms
(Takamori et al., 1983)
A. ferrooxidans
ATCC23270T Acid bituminous coal mine effluent, USA American Type Culture Collection
DSM14882T DSMZ
(Leathen & Braley, 1954)
ATCC19859 Acid copper mine leaching water, Canada Razzell & Trusell, 1963
A. ferridurans
ATCC33020T (= JCM18981T) Uranium mine, Japan Japan Collection of Microorganisms
(Tomizuka et al., 1976)
A.ferrivorans
NO-37T (= DSM22755T) Copper mine spoil drainage, Norway DSMZ
(Hallberg et al. 2010)
SS3 Norilsk mining area, Russia Kupka et al. (2007)
CF27 Abandoned copper/cobalt mine drainage, ID, 
USA
Hallberg et al. (2010)
A. ferriphilus
M20T Galway's soufriere, Montserrat Falagán and Johnson (2015)
JCM7812 Matsuo sulfur and iron sulfide mine, Japan Japan Collection of Microorganisms
(Wakao et al., 1991)
A. caldus
DSM8584T Coal-rich samples, Kingsbury, UK Marsh & Norris (1983)
 26 
 





NU-1 DSM14882 JCM18981 DSM22755 JCM7812
1 2.1400 0.6266 0.5952 0.0312 0.2816
2 2.2280 0.5197 0.7977 0.0205 0.3138
3 2.5320 0.5030 0.7471 0.0283 0.4037
Average 2.3000 0.5498 0.7133 0.0267 0.3330
Error 0.2057 0.0671 0.1054 0.0056 0.0633
 27 
Table 3. NU-1ǳF8˳ʗɬ5r|q_v3̡"IǇÈpk  
 
  NU-1 JCM7812 JCM3865 JCM18981 
Minimum (bp) 1136 1136 1011 1125 
Maximum (bp) 284947 461345 276940 342891 
Average (bp) 36768 87478 26100 49798 
No. of contigs 69 26 130 58 





 Table 4. NU-1ǳF8ĵȨǳ5ɂɀœɒȹƑ5?0B 
 
1 Tuovinen and Kelly, 1974 
2 Hedrich and Johnson, 2013 
3 Hallberg et al., 2010 
4 Falagan and Johnson, 2015 













Group IV I II III IV
Optimum pH 2.0 2.01 2.02 2.53 2.04
Optimum temp 30 301 302 303 304
Maximum cell density 
(pH2.0, Fe9K) 2.1 x 10
8 cell/mL 5.6 x 107 cell/mL 1.0 x 108 cell/mL 3.1 x 106 cell/mL 4.7 x 107 cell/mL
Colony formation
on agarose plate - + +
Colony formation
on silica gel plate + + +
Rusticyanin rusA ? rusA rusA rusB rusB
HiPIP hip ? hip hip iro iro
















































Rq|Tq (3 x 4 cm) 





















 Fig. 4 ATCCGĆHŜ$( ATCC23270ǳ5ʏ¯Ĵ̼3IĻȈ5Ŀôáģ5
Ȟ¹Ĵ̼ (□)
40ģ5Ǹʏ (▲) F8 50ģǸʏ (ǔ (	) 5ĻȈǛʖM


































 Fig. 5 NU-1ǳ5~qĴ̼NU-1ǳM̕ 9KPYf~q (a) F8̕
















 A.ferrooxidans ATCC23270 (218665024)
 A.ferridurans ATCC33020 (NR_108138)
 A.ferrivorans NO-37 (AF376020)
 A.ferriphilus M20 (KR905751)
 Acidithiobacillus sp. NU-1





 fe r oxidans ATCC 3270 (NC_011761)
A. ferridurans J M18981 (NR_108138)
A. ferrivorans DSM22 55 (AF376020)
A. ferriphilus M20 (KR905751)
Acidithiobacillus sp. NU-1 (LC115032 )
















































 Fig. 8 NU-1ǳ0 DSM14882ǳ5ǠȄȸʡƖ5Ȋ˭̕ 9KĴĭ3]`f (a) ?
(6]h (b) MĦ3ɣ (Ȯſ/ȡí .Ȟ¹Ĵ̼Mʻ+(ʘ˫6ɗŢɒ
2ȊĻȈ˺ſMɣ .H
ǠȄȸMȡí .2`q5ÈM 1.00 .























































Fig. 9 Ó̜5 16S rRNÄ´ŐMɄ(ÝŐʃʎˈǫNU-1ǳ5r|q_vG




NU-1ǳ6]~ IV3ū .( 
 
  
 A.ferrooxidans ATCC23270 (218665024)
 A.ferrooxidans ATCC19859 (AJ457808)
 A.ferrooxidans BRGM1 (AJ457806)
 A.ferridurans ATCC33020 (NR_108138)
 A.ferrooxidans CC1 (AJ457804)
 A.ferrivorans NO-37 (AF376020)
 A.ferrivorans CF27 (EU839489)
 A.ferrivorans SS3 (344198243)
 Acidithiobacillus sp. NU-1
 A.ferrooxidans JCM7812 (FN686782)
 A.ferriphilus M20 (KR905751)















A. ferrivorans DSM22755 (AF376020)
A. ferrivorans CF27 (EU83 489)
A. ferrivorans SS3 (NC_015942)
A. ferriphilu 7812 (FN686782)
A. ferriphilus M20 (KR905751)
Acidithiobacillus sp. NU-1 (LC115032)
A. ferrooxidans ATCC23270 (NC_011761)
A. ferrooxidans ATCC19859 (AJ457808)
Acidithiobacillus sp.BRGM1 (AJ457806)
A. ferridurans J M18981 (NR_108138)
Acidithiobacillus sp. CC1 (AJ457804)
A. caldus DSM8584 (Z29975)
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 A.ferrooxidans BRGM1 (FN688760)
 A.ferridurans ATCC33020
 A.ferrooxidans CC1 (FN688759)
 A.ferrooxidans ATCC19859 (FN688754)
 A.ferrooxidans ATCC23270 (NC_011761)
 Acidithiobacillus sp. NU-1
 A.ferrivorans NO-37 rusB (FJ467344)
 A.ferrivorans SS3 rus(Acife_1718)
 A.ferrooxidans JCM3865 (AB094632)











A. ferrivorans DSM22755 (FJ467344)
A. ferrivorans SS3 (NC_015942)
A. ferriphilus J  ( 8763)
Acidithiobacillus sp. JCM3865 (AB094632)
Acidithiobacillus sp. NU-1 (LC115033)
A. ferrooxidans ATCC 3270 (NC_011761)
A. ferrooxidans AT C19859 (FN688754)
Acidithiob cillus sp.BRGM1 (FN688760)
































A. ferrivorans DSM22755 (FN688778)
A. ferrivorans CF27 (FN688779)
A. ferriphilus JCM 812 (FN688774)
Acidithiobacillus sp. JCM3865 (FN688775)
Acidithiobacillus sp. NU-1 (LC115034)
A. ferrooxidans ATCC23270 (NC_011761)
A. ferrooxidans ATCC19859 (AJ621387)
Acidithiobacillus sp.BRGM1 (AJ621388)














































































&J'J5ƨƈ̳ɮM Table 1 5͈ǧ²͂SE, small electrode; LE, large 










PC3ˎ̙ (ɭ36 Oryza sativa L. cv. 
KoshihikariMɄ
,5̮ǻ(HǇǥ5ʯMǸ.Iˏʝ (ȍɅɏ̮5Ø






͂current vs. voltage̓0̮ëǛʖ͂current vs. power̓M¼Ơ (̮ëǛʖGǞŃÜ
ëÈ͂Ǜʖ5{\
Pmax [mW]̓MȓŖ  (Logan et al., 2006)
&5ÈGPvr
?(6Xjr5ƨƈ̳ɮ(H5ǞŃÜëŝſ͂Qmax [mWm-2]̓Mˋɻ (tǹ
Ŗ3FHpk5ʎˋɒˈǫMʻ+(͂P < 0.05 ̓ 
 
3.2.3 16S rRNA3ĵ-ʱĈˈǫ 




̮ ǻ®ɛʱG DNAMƬÜ (Fast DNA SPIN Kit for Soil͂ Funakoshi̓
M˘ǒǜ˹H3Ʉ
ƎGJ( DNAMǞʉɒ3 50 µL5 DESȩȞ3ȩˈ (16S 
rRNA5 PCRĻŸ36
~Rad-tag-8Fă8 ad-533RMɄ( (Kouzuma et al., 
 43 
2013)?(
PCRɃȸ5ʂˀ36 QIA quick PCR purification kit͂Qiagen̓MɄ(
ʂˀ (Ď PCRɃȸM&J'J5 DNAȮſ 1 ng/µL02IF3Ƞď 
Genome 
Sequencer FLX system͂Roche Applied Science̓MɄ.d\Ufˈǫ (ÝŐ
ʃʎˈǫ36 Silva rRNA database͂ http://www.arb-silva.de/ M̓Ʉ
ʃʎȃ¼Ơ6ɸ͆
ɵ͂ 2.2.8 0̓ĐǾ5ǎȕ/ʻ+(ƎGJ( DNǍà6
DDBJ Sequence Read Archive 
Database3ɐ̙ (͂accession number: DRA004371 ̓ 
 
3.2.4 ȍɅɏ̮3̡"Iɏ̮ʱ5ü̬ 
 ̏ô͂̕ Fe2O3 M̓ĵˡ0"IȞ¹ĴĭF8~qĴĭM¼Ơ (ĴĭʊƠM
Table 2 3ɣ (Ȟ¹ĴĭMK̂Ȫʱ 
̏ô̕6Wq\} (ƌ3Ƞď 






 ˎȞ¹Ĵĭ 150 mL3PYf(Agarose L03 kXxRW)M 2.25 gí
ƿƭ
ƌ3Wq\} (121


















́˪̟Ōƌ 20ǐɕ0 93ǐɕ5 PmaxF8 QmaxM Fig. 23ɣ"LE6 SEFHCŃ
2ÜëMɣ (͂Fig. 2a 
̮̓ëŝſ5È6 SE 5ǎ LE FHC̿+(͂Fig. 
2b
2c ̓?(













ǐɕ5 AL3.ǞC̿ Qmax͂ ʄ 140mWm-2̓ˆȥJ(͂Fig. 2b ̓5È
6
J?/3ȍɅɏ̮3.ĶĖJ(Pvr5ƨƈ̳ɮ(H5È5/ 






























G. pelophilus (Straub & Buchholz-cleven, 2016)F8 G. 























3FHɏ̮"I (Kaku et al., 2008)J?/3ȍɅɏ̮5̮ëŝſMĒ$I(B
3





.6 Geobacter 3ū"ɏ̮ʱ3ɏ̮3̡"I0MɣĞ .I 
(Kouzuma et al., 2013)G3JG5ɞɰ/6
k_vˈǫ3ĵ-ˈǫG

G. pelophilusF8 G. psychrophilus3˳ʗ2ʈʱɏ̮3̡ .I0Mɣ ( 















LE 6 SE FHCŃ2ÜëMɣ (͂Fig. 2a 
̮̓ëŝſ5





SE0 LE5 Pmax5È6́˪ǣ̠3ƈ̴Mć2+(͂Fig. 
2a 










˶3XjrƖʥ¸×"I0Mɣ .I́˪̟ŌG 93 ǐɕ5 AL 3























G. pelophilus (Straub & Buchholz-
cleven, 2016) F8 G. psychrophilus (Nevin et al., 2005)0˳ʗ2ɬ/I0ǒG
32+(͂Fig. 4 ̓JG5ʌǭ6
G. pelophilusF8 G. psychrophilus3˳ʗ2ʈ



























̇ (Ĵ̼ȕ5̟ɏ̑˂0ʟGJ(  
 47 
Ħʽ 






































































































































































































































































qd ( DSM826ĴĭMɄ(͂ Table 1 ̓Ȫʱ (xRPz͂ śɮ 100 
mLɫſ̓3ĴĭM 50 mLí













 EPC 5ØɚM Fig. 1 3ɣ"āȴǻMÒJIɯɱ.I EPC Ʉ~fmn\
d͂ɖƉ 6.5 cm
̿ 3.0 cm
ś̓ 100 mL̓F8̘ʖM˹ (Puyn\
ˇįe͂ʳYfôœ̓6 UVȴť/Ȫʱ (¼Ʉǻ36Ŧ̮Ɩ5˷ǒYf
̮ǻ͂FTO










Ag/AgCl̮ǻ͂HX-R5; õǊ̮ű̓Mˏʝ ( EPCd
3ȗ)Ĵĭ36Ɠ˂3Ɣ!. CBB͂ Coomassie Brilliant Blue
10 µg/mL M̓í(
Ţǻ͂mknd



















DSM826Ĵĭ3 2.0 g/L5 NaClF8 100 mM L-dfoRĹ̏ĹMí(C5
MɄ(6.0 g/L 5PYfMâ3Wq\} 
ʄ 603ÙB(ƌ3Ȟ¹
ƠÝ0Ƞď 













ʄ 16 mLś̓5̮ǻʃŧį̮Ȍôœh͂Fig. 2̓MɄ(¼Ʉǻ36
]|ORq|Tq͂2 x 2 cm 












4.3.1 GeobacterMɄ( EA-EPC5ɡɴ 
 EA-EPC 3. EAB ̮ǻM̮Őćś¹0 2G`tMƇƠ/IM
ɡBI(B
DSM826Ĵĭ/ɂʣ$( G. sulfurreducens M~q3ĸŵƌ

G¼ɄǻM:$
¼Ʉǻ̮·M-0.2 V͂ vs Ag/AgCl̓3ˏŖ 
30/Ĵ̼ (
̟ŌGF& 5ǐƌ3̮țÈHŌB
14ǐƌ36ǞŃÈ3ǟ (͂ Fig. 3 ̓
14 ǐɕ3 FTO̮ǻ5×3ʸˣʭ5ŧ2`tɂʣ .I0ɡ˖/
(͂ Fig. 4 
















f~q3ĸŵ (~qM 30/ŏȌɒ3Ĵ̼ (0K
Geobacter3ȹ
Ƒɒ2ŧ2ˣ`tƎGJ(͂Fig. 6 ̓EPC 3 CBB Mȡí .C
Ǹʏ
)ƌ5`t5ɂʣ3ƈ̴62+( 












G. sulfurreducens  EA-EPC 3.̮ǻM̮Őćś¹0 2G`
tMƇƠ"IMɡB(G. sulfurreducens 6ħ¹̔ū̉Îʈʱ0 .ü̬J




̮țɂƠȄǽ5ˈǫC˾N/I (Lovley et al., 2011) 
 ǥɵ5ɞɰ3FH
¼Ʉǻ/I FTO̮ǻ5×3 EAB`tMƇƠ 
&J


































DSM141 mineral solution 10 mL
DSM141 vitamin solution 10 mL




























 Fig. 3. GeobacterMɄ( EA-EPC3I̮țÈ5ʋǔĿôȍʭ6 Geobacter
























































































 ɸ 3ɵ3ˎ (F3ȍɅɏ̮ŗ̽Mʻ+(ŗ̽ʉ¢ǔ3 ALdfo5Pv
rMģą 
PuZ~͂ʳYfôœ̓Õ3ţÒ .ŘȤ/ÅŒ ( 
 
5.2.2 Ŗ̮·Ĵ̼3FIɏ̮ʱ5̪ɮ 
 ģą (ȍɅɏ̮Pvr5̋͂2 × 5 × 1 cm̓Mś̓ʄ 120 mL5ǻʃį
̮Ȍôœh͂ Fig. 1 5̓¼Ʉǻ3Ʉ.̮ȌôœĴ̼Mʻ+(Ţǻ36mkn
d͂2 × 5 cm 
̓āȴǻ36 Ag/AgCl̮ǻM








 EPC 5ǽƠF8́˪ǧ²6 4.2.2 3ˎˮ (C5/IŖ̮·Ĵ̼ƌ3Pv
r5̋MÞHÜ 














´Ő5`tPCRMʻ+(DNAi0 . Ex TaqMɄ
Total DNA















 PCRɃȸM QIAquick PCR Purification Kit͂QIAGEN̓MɄ.ʂˀ (ŷȕ3ƍ
+. PCRɃȸ5̌àȓŖMʻ
ƎGJ(̌àM NCBI5 Nucleotide BLASTǹʇ3
(ÝŐʃʎˈǫ6 2.2.80ĐǾ3MEGA6.06-MacMɄ.ʻ
5̩3˳ʗ
ǳ5̈´Ő̌à6 NCBIGlSr ( 
 
5.2.6 Ŗ̮·Ĵ̼MɄ(ɏ̮ʥ5ɡ˖ 


















 Ŗ̮·Ĵ̼5̮ǻ͂ 1 	 1 cm M̓ EA-free DSM826Ĵĭ3ÒJ
®ɛʱMƟȭ (
5Ŷ̐ȞM EPC 3ʱȞMĸŵ (0K
́˪̟ŌGF&͊ǐƌ3̮țÈ
ɴ*HŌB
12 ǐƌ36ǞŃÈ3ǟ (͂Fig. 2 ̓12 ǐɕ3.
FTO ̮
ǻ5×3 CBB/ǯʭJ(`t 50Æ°ˆŠJ(͂Fig. 3 ̓ 
 
5.3.3 ü̬`t5ʱɬĐŖ 
 ƎGJ(`t5 16S rRNÄ´Ő̌àˈǫMʻ
45Æ5`t3,.Ý


























͂Fig. 5 ̓ 









































̮ʥëMƱ,06ɣJ.2 (Marshall et al., 2017)&/
ƎGJ(`t
MŖ̮·Ĵ̼3Ǹʱ (0K
̮țɂƠɡ˖J(͂Fig. 8 ̓  
5Ĵ
̼ȞM̺Ɛ̛ˆŠ (0K




` tÝ̬Mʻ+(͂ 3rd trial EA-EPC ̓
&5ʌǭ









































ƖŏȌƖʈʱ5 Citrobacter3ū"ɏ̮ʱǞCŁü̬J(͂Table 1, 1st trial ̓Ǐ




.ɏ̮/I0CɜGJ.I (Huang et al., 2014)
Geobacter0Ȋ˭"I0ɏ̮












G02+(͂Table 1, 2nd trial ̓Sulfurospirillum6-~oWx\oP3ū"ɠ̀


















Geobacter 6ɏ̮ʥëMǠ .H͂Fig. 12 
̓ÝŐʃʎˈǫ5ʌǭG G. 
sulfurreducens 3˳ʗ2ʱǳ/I0ǒG02+(͂Fig. 13 ̓Ðʻɞɰ3
 68 
.
̍̏Mĵˡ0 (ȍɅĪĽ MFC 5PvrʱĈ3 G. sulfurreducens 5˳ʗɬ



































































































































 Fig. 5 Citrobacter5 16S rRNÄ´Ő3ĵ-ÝŐʃʎˈǫʔʭ5Ǯ6 1st trial EA-







C. amalonaticus ATCC25405 (KX450351)
C. farmeri GTC01319 (AB741662)
C. farmeri 2991-81 (AF025371)
C. sedlakii CDC4696-86T (AF025364)
C. koseri ATCC27028 (KX450352)
Citrobacter sp. XS-1 (HQ845373)
Citrobacter sp. sdy-48 (FJ463782)
Citrobacter sp. yy-21 (FJ463779)
C. rodentinum CDC1843-73T (AF025363)
C. bitternis SKKU-TP7 (KJ817168)
C. freundii ATCC8090 (KM515969)
Citrobacter sp. Z7 (JX185134)
 Citrobacter sp. ND-3
 Citrobacter sp. ND-2
 Citrobacter sp. ND-1
 Citrobacter amalonaticus ATCC25405 (KX450351)
 Citrobacter farmeri GTC01319 (AB741662)
 Citrobacter farmeri 2991-81 (AF025371)
 Citrobacter sedlakii CDC4696-86T (AF025364)
 Citrobacter koseri ATCC27028 (KX450352)
 Citrobacter sp. XS-1 (HQ845373)
 Citrobacter sp. sdy-48 (FJ463782)
 Citrobacter sp. yy-21 (FJ463779)
 Citrobacter rodentium CDC1843-73T (AF025363)
 Citrobacter bitternis SKKU-TP7 (KJ817168)
 Citrobacter freundii ATCC8090 (KM515969)

















C. amalonaticus ATCC25405 (KX450351)
C. farm i GTC01319 (AB741662)
C. farm i 2991-81 (AF025371)
C. sedlakii CDC4696-8 T (AF025364)
C. koseri ATCC27028 (KX450352)
Citrobacter sp. XS-1 (HQ845373)
Citrobacter sp. sdy-48 (FJ463782)
Citrobacter sp. yy-21 (FJ463779)
C. rodentinum CDC1843-73T (AF025363)
C. bitternis SKKU-TP7 (KJ81716 )
C. freundii ATCC8090 (KM515969)




 Fig. 6 ŏȌǧ²×/Ŗ̮·Ĵ̼5Pvr3̪ɮJ(ʱ5ƟȭȞMǸʱ (

























































 Fig. 9  Fig. 83ɣ (Ŗ̮·Ĵ̼ƌ5Ĵ̼Ȟ5ʺÑ̺Ɛ̛ˆŠ͆ɬ5ƇƝɒ3
ɍ2Iʱ¹͂ʔ : 3 ~ 4 µm5Ƿʱ























































 Fig. 13 Geobacter5 16S rRNÄ´Ő3ĵ-ÝŐʃʎˈǫʔʭ5Ǯ6 3rd trial 
EA-EPC3.ü̬J(ʱǳȍʭ6 G. sulfurreducens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